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Atomic-scale fatigue mechanism of

ferroelectric tunnel junctions

Yihao Yang't, Ming Wu?3t, Xingwen Zheng*t, Chunyan Zheng', Jibo Xu', Zhiyu Xu', Xiaofei Li',
Xiaojie Lou?, Di Wu®, Xiaohui Liu**, Stephen J. Pennycook3*, Zheng Wen'*

Ferroelectric tunnel junctions (FTJs) are promising candidates for next-generation memories due to fast read/
write speeds and low-power consumptions. Here, we investigate resistance fatigue of FTJs, which is performed on
Pt/BaTiO3/Nb:SrTiO; devices. By direct observations of the 5-unit cell-thick BaTiO3 barrier with high-angle annu-
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lar dark-field imaging and electron energy loss spectroscopy, oxygen vacancies are found to aggregate at the Pt/
BaTiOs; interface during repetitive switching, leading to a ferroelectric dead layer preventing domain nucleation
and growth. Severe oxygen deficiency also makes BaTiO; lattices energetically unfavorable and lastly induces a
destruction of local perovskite structure of the barrier. Ferroelectric properties are thus degraded, which reduces
barrier contrast between ON and OFF states and smears electroresistance characteristics of Pt/BaTiOs/Nb:SrTiO3
FTJs. These results reveal an atomic-scale fatigue mechanism of ultrathin ferroelectric barriers associated with the
aggregation of charged defects, facilitating the design of reliable FTJs and ferroelectric nanoelectronic devices for

practical applications.

INTRODUCTION
Ferroelectric tunnel junctions (FTJs) are composed of two conduc-
tive electrodes separated by a nanometer-thick ferroelectric layer as
a potential barrier, in which the polarization reversal alters the bar-
rier profile and switches the junction conductance between a low
(ON)- and a high (OFF)-resistance state, giving rise to the tunnel-
ing electroresistance (TER) (I-12). Functioned by the TER effect, FT]
devices exhibit a nondestructively resistive readout, which over-
comes the main disadvantage of commercial ferroelectric random
access memories (FeERAMs) (13). Therefore, enormous effort has
been devoted to exploit the TER effect, and a number of excellent
performances, such as giant TER ratios (Ropr/Ron) of several orders
of magnitude (14-18), high write/erase speeds faster than a nano-
second (19), low-power consumptions of ~{J/bit (6, 20), and good
retentions more than 10 years (19, 21), have been realized recently in
elaborately designed devices. These advances suggest the great po-
tential of FTJs for next-generation nonvolatile memories.
However, the switching reliability, which is regarded as an es-
sential prerequisite for practical applications of prototypical mem-
ories, has not been intensively investigated in FT] devices yet. For
FeRAMs, extensive studies have been made to explore the mecha-
nisms of polarization fatigue, and the switching limits are optimized
above ~10° cycles in Pb(Zr,Ti)O3, BiFeOs, BaTiO3, and Hfy 521 50,
thin-film capacitors (22-26) as well as up to ~10' cycles in Bi-
layered perovskite oxides (27). For the other emerging non-
volatile memories, resistive random access memories (RRAMs),
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the switching limits have also been optimized up to ~10° cycles by
carefully controlling ion migration between the electrodes (28-32).
However, in FTJs, even the repetitive switching of ultrathin ferro-
electric films is very challenging presumably because of premature
breakdown of the devices by bipolar switching in high electric fields.
To date, only a few works have reported switching results with sev-
eral orders of magnitude of cycles, which are summarized in fig. S1
for clarity. In these limited experiments, typical fatigue behaviors
have been observed. Hwang et al. (33) reported in TiN/Hfj 571 50,/
Ge FTJs that the conductance increases with increasing switching
cycles, and the TER ratio is fatigued from ~10 to ~2 after ~10° cycles.
In Pt/BaTiOs/(La,Sr)MnOj3 devices, the pristine Ropp/Ron ratio of
~100 decreases with increasing fatigue cycles, and the bistable ON
and OFF states become almost indistinguishable after ~5 x 10° cy-
cles (34). In addition, markedly changed TER ratios have been ob-
served in Co/BiFeO3/(Ca,Ce)MnO; and Pt/BiFeQ3/Nb:SrTiO3 FTJs
when the switching cycles reach ~10° (35, 36). The reported switch-
ing limits in FTJs are much lower than that of the counterpart
FeRAMs and RRAMs. Therefore, the resistance fatigue has become
a main obstacle hampering further development of FT7Js, but there
is still no work addressing on the mechanism behind the degradation
of TER properties with increasing write/erase cycles.

Here, we show a comprehensive study on resistance fatigue of FITs,
which is performed on Pt/BaTiO3/Nb:SrTiO; tunnel junctions. In
the devices, a reliable switching with a giant TER ratio of ~1.0 x 10°
can be maintained up to ~3 x 10° cycles. The switching endurance
is found also to be dependent on the pulse profile. However, after a
finite number of write/erase cycles, obvious fatigue behavior still
takes place. The mechanism of resistance fatigue is revealed at atomic
scale based on direct observations by aberration-corrected scanning
transmission electron microscopy (STEM) and piezoresponse force
microscopy (PFM). During repetitive switching, the formation and
aggregation of oxygen vacancies result in a ferroelectric dead layer
at the Pt/BaTiOj interface, which blocks the nucleation and growth of
reverse domains and increases the characteristic switching time and
activation field of resistance switching. The oxygen deficiency also
increases the formation energy of BaTiOj;.5 and eventually induces
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a lattice collapse of perovskite structure in the ultrathin barrier. As
a result, the effective polarization and hence the TER ratio are
markedly reduced in the fatigued Pt/BaTiO3/Nb:SrTiO3 device.

RESULTS

Microstructure and fatigue behavior

The microstructure of Pt/BTO/Nb:SrTiO; FIJs are characterized by
atomic force microscopy (AFM) and high-angle annular dark-field
(HAADF) images. Because of the Z-contrast nature of the HAADF
imaging, the contrast of atom columns strongly depends on the
atomic mass, and thus, the interface between BTO and Nb:SrTiO3
(ND:STO) can be distinguished (37). As shown in Fig. 1 (A and B),
the 5—unit cell (u.c.)-thick BTO barrier exhibits an atomically smooth
topography and sharp interfaces with the Pt and Nb:STO electrodes
due to the cube-on-cube epitaxial growth. Figure 1C plots the
out-of-plane and in-plane lattice spacing of the BTO/Nb:STO.
As shown, the BTO barrier is almost fully strained on the Nb:STO with
a tetragonality of ~1.06, indicating a robust room temperature ferro-
electricity. By switching the BTO polarization, the Pt/BTO/Nb:STO

FTJ devices can exhibit nonvolatile ON and OFF states because of
the modulation of Schottky barrier at the BTO/Nb:STO interface
via the ferroelectric field effect (14, 15). The resistance-voltage
(R-V) hysteresis loops are demonstrated in fig. S2 for clarity.
Figure 1D demonstrates the fatigue behavior of Pt/BTO/Nb:STO
FTJs. The pulse waveform for collecting the resistance-cycle (R-N)
curves is depicted in the inset. As shown, the bipolar pulse sequence
(blue) with a certain number of cycles is used to repeatedly switch
the devices. The ON and OFF states after the cycling are read by
+0.3 V in the following readout sequence (red). The write voltages
are set to —4.0 and +3.0 V according to the R-V hysteresis loops,
which yields a saturated switching with the Rope/Ron ratio of ~1.0 x
10%. As shown in Fig. 1D, the resistance fatigue is dependent on the
write pulse width (f). At f = 0.1 ms, the pristine Ropp/Roy ratio can
be maintained up to ~3 x 10° cycles, while the device starts to be
fatigued at ~1 x 10% cycles when the pulse width is increased to 100 ms.
Figure 1E plots the onset cycle numbers of fatigue at various pulse
widths, in which a linear relation is observed in the logN versus
logt plot, suggesting that the resistance fatigue may be alleviated by
decreasing t. In addition, the resistance fatigue is also found to be
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Fig. 1. Microstructure and resistance fatigue. (A) AFM surface topography of the 5-u.c-thick BTO/Nb:STO heterostructure. (B) HAADF-STEM image of the Pt/BTO/Nb:STO FTJ
device. (C) In-plane and out-of-plane lattice spacing of the BTO/Nb:STO heterostructure measured from the top of BTO down to the inside of Nb:STO, where the dashed
line indicates the BTO/Nb:STO interface. (D) Resistance-cycle (R-N) curves of the ON and OFF states measured at various pulse widths. The inset depicts the pulse sequence
for the fatigue measurement. (E) The onset cycle numbers for fatigue extracted from the R-N curves.
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dependent on the write voltage (fig. S3). However, after finite
numbers of switching cycles, severe fatigue behaviors still take
place, in which the ON and OFF states are rapidly relaxed with the
Rorr/Ron ratios reduced by as high as five orders of magnitude, as
shown in Fig. 1D.

Atomic-scale observation of resistance fatigue
To reveal origins responsible for the resistance fatigue, we analyze
atomic structures of the Pt/BTO/Nb:STO FT]Js before and after the
fatigue measurement by the HAADF imaging, as demonstrated in
Fig. 2 (A and C). In comparison with the pristine Pt/BTO/Nb:STO,
the fatigued device exhibits notable changes in the BTO barrier,
in which two kinds of structures, named as regions A and B, are ob-
served. In region A, the positions of A-site Ba and B-site Ti of pe-
rovskite BTO can be read from the clear contrast. However, these
contrasts disappear in region B, suggesting the destruction of local
perovskite structure. More information about the HAADF images
over a large scale is shown in fig. S4 for clarity.

Figure 2 (E to G) demonstrates electron energy loss spectroscopy
(EELS) spectra of Ti-L, 3 edges of the pristine and regions A and B

of fatigued BTO barriers, respectively. Each EELS analysis includes
the spectra acquired from the top and middle layers of the BTO
barrier, as well as from the Nb:STO electrode, as indicated by the
color boxes in Fig. 2 (B and D). It is well known that the energy
splitting between t,; and ez in Ti-Ly 3 edges is a feature of Ti**, which
results in four peaks in the EELS spectrum (37-39). For Ti’", there
is no fy4-eg splitting, and only two peaks were observed, according
to the EELS spectrum of LaTiO3 (40). As shown in Fig. 2E, the pro-
nounced peak splitting is observed in the L, and L3 edges of BTO
barrier and Nb:STO electrode, suggesting that Ti*" ions are predominant
in the pristine Pt/BTO/Nb:STO tunnel junction. After the fatigue mea-
surement, although the Nb:STO still exhibits four peaks in EELS
spectra, the t,g-¢, splitting becomes weak in the L, 3 edges of both
regions A and B, indicating the presence of Ti’* ions in the BTO
barrier. The reductions of t,4-¢, splitting have also been observed in
ultrathin Pb(Zr,Ti)O3/STO heterostructures and PbTiOs/STO multilayers
and ascribed to the existence of oxygen vacancies (38, 39). The gen-
eration of oxygen vacancies presumably result from an ionization
effect of electrons emitted from the electrodes during electrical cy-
cling, which weakens the Ti-O chemical bonds, and hence, the oxygen
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Fig. 2. Atomic structure and Ti ionic valence state of BTO barriers. HAADF-STEM images for the (A and B) pristine and (C and D) fatigued Pt/BTO/Nb:STO FTJs. In (C),
region A (B) indicates the BTO barrier with (without) perovskite lattices after the fatigue measurement. EELS spectra of Ti-L, 3 edges for the (E) pristine and (F) regions A
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ions have a possibility to escape from the BTO lattices. At the same
time, the Ti*" is reduced to the Ti’*. As shown in Fig. 2F, the
reduction of t4-eg splitting is mainly observed at the top layer of the
BTO barrier, suggesting the aggregation of oxygen vacancies at
the interface of Pt/region A because there is a huge difference in oxygen
concentration between the BTO and the Pt electrode. In region B,
the oxygen vacancies are increased and diffused over the whole re-
gion of BTO barrier, as indicated by the further weakened t24-¢,
splitting in the top and middle EELS spectra in Fig. 2G. Note that
the BTO lattice contrast is also absent in region B (Fig. 2C). The
atomic-scale behavior of resistance fatigue can be understood as the
following. During repetitive switching, the oxygen vacancies are
formed and aggregated at the top of the BTO barrier in a finite thick-
ness, which results in a ferroelectric dead layer in region A. With
increasing cycles, more oxygen ions escape and the concentration of
oxygen vacancies is increased. The perovskite BTO lattices cannot
be maintained with the severe oxygen deficiency, and the contrasts
of A-site Ba and B-site Ti disappear correspondingly. Region B is
thus observed. As indicated by the region boundaries in Fig. 2C, re-
gion B grows gradually from top to bottom inside the fatigued BTO
barrier. In addition, with increasing width and voltage of write pulse,
the possibility for oxygen escape is increased because of more elec-
trons are emitted from electrodes, resulting in the fast increase of
the concentration of oxygen vacancies and thus earlier onset of re-
sistance fatigue in the Pt/BTO/Nb:STO devices, as shown in Fig. 1D
and fig. S3.

The oxygen vacancy-induced lattice destruction is further under-
stood by calculating the energy of BTO3_5 systems with first princi-
ples. As shown in fig. S5, the formation energy of BTOj_5 increases
monotonically with increasing 8. At § = 0.5, which means that the
valence state of Ti ions is +3, close to the observations in EELS spec-
tra of region B, the energy of BT O, 5 is even beyond the enthalpy of
formation of the BaO + TiO, system. These suggest that the BTO
becomes energetically unfavorable with the oxygen deficiency. To
lower the increased energy, the lattices have to be distorted, which
may result in the destruction of perovskite structure. There are two
possible ways for the lattice collapse of the oxygen-deficient BTO
under pulse cycling: (i) decomposition to the parent oxides, such
as BaO, TiO,.5, and Ti,03, as suggested by the calculations, and (ii)
transformation to amorphous BTO because oxygen vacancy-induced
amorphization has been experimentally observed in BTO nanocrys-
tals (41) and theoretically simulated in bulk BTO by molecular dy-
namics (42). No matter which situation takes place, the consequence
is the loss of ferroelectricity in region B.

Ferroelectric characterization of resistance fatigue

Ferroelectric properties of Pt/BTO/Nb:STO devices are measured by
PFM. Considering that the BTO barrier is only 5 u.c. in thickness,
the fatigue-induced change in piezoresponse signals may be smeared
by the high ductility of the Pt top electrode. We therefore mechani-
cally exfoliated the Pt electrode and performed PFM measurements
directly on the BTO surface. Figure 3A shows the topography of
Pt/BTO/Nb:STO after exfoliation of the Pt electrode, in which a
step-terrace surface is observed, suggesting that there is no damage
on the BTO barrier. It is also worth noting that the lateral size of
conductive tips is ~30 nm in diameter, which is much larger than
the size of regions A and B observed in Fig. 2C. Therefore, the
piezoresponse signals of fatigued BTO barriers should be the aver-
age of regions A and B underneath the tip, as schematically depicted
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in Fig. 3B. The ferroelectric properties of BTO barriers are charac-
terized by PFM hysteresis loops collected from 5 x 5 grid positions
over an area of 5 pum by 5 pm. The phase and amplitude loops of the
pristine, the lightly fatigued, and the heavily fatigued devices are shown
in fig. S6. For the BTO barrier with robust ferroelectricity, the
polarization switching gives rise to a 180° phase contrast at a dc bias
of 0 V and a butterfly-type amplitude loop with coercive voltages of
~+/-3.0 V in the saturated PFM loops, as shown in Fig. 3F. By map-
ping the phase contrast (APhase) over the 5 x 5 grid positions, the
spatial distribution of ferroelectricity of the BTO barrier can be
demonstrated. As shown in Fig. 3C, the pristine BTO barrier is uni-
form with switchable polarization, in which almost all PFM loops
have the 180° phase contrast. In the fatigued devices, pinned PFM
loops are observed, in which both the phase contrast and the coer-
civity character are decreased and even indistinguishable (fig. S6).
The loops with APhase of ~90° and ~10° are shown in Fig. 3 (G and H)
for clarity. The degraded pizeoresponse signals can be ascribed to the
ferroelectric dead layers, in which the domain switching is blocked,
or to the destruction of perovskite BTO lattices, which results in the
loss of ferroelectricity. Figure 3 (D and E) demonstrates the phase
contrast mappings of the lightly and heavily fatigued devices, respec-
tively. As shown, the BTO barrier becomes more and more inho-
mogeneous with increased areas that have degraded ferroelectricity
or are even nonferroelectric. Therefore, the effective polarization of
BTO barrier is reduced with increasing switching cycles.

Simulation of resistance fatigue

To further understand the atomic-scale mechanism, we build an
equivalent circuit according to the STEM and PFM observations, in
which the resistance fatigue can be well reproduced. As demon-
strated in Fig. 4A, the ferroelectric dead layer and the destructed
BTO barrier, that is, the Pt/region B/Nb:STO, are represented by
the series (Rg) and the parallel (Rp) resistors, respectively. The part
that still has switchable polarization in region A is denoted by a
pristine Pt/BTO/Nb:STO FT7J, which is in series with Rs. Note that
the aggregation of oxygen vacancies makes the resistivity of the fer-
roelectric dead layer smaller than that of the BTO barrier itself. The
resistance of R is set below the ON state. For the Pt/region B/Nb:STO,
the Nb:STO surface may still be depleted by electrons because of
the contact potential with the high work function Pt electrode. The
Schottky barrier, however, should be lower than that of the OFF
state because there is no polarization in region B (15). The resistance
of Rp is thus set between the ON and OFF states. With increasing
switching cycles, the concentration of oxygen vacancies increases in
the BTO barrier. As a result, the thickness of ferroelectric dead layer
increases, which is denoted by the increase of Rg resistance, and more
region B appears between the Pt and Nb:STO, which can be regard-
ed as the increase of parallel resistors in the equivalent circuit and
hence denoted by the decrease of Rp resistance. As shown in Fig. 4B,
by varying Rs from 100 to 500 ohm and Rp from 10° to 10° ohm, the
memory window of the R-V hysteresis loop is gradually narrowed
from Ropg/Roy of ~1.0 x 10° to less than 10, in good agreement with
the observed resistance fatigue of Pt/BTO/Nb:STO devices.

DISCUSSION

Now, we discuss the fatigue-induced degradation in TER character-
istics. Figure 5 (A to C) demonstrates transport characters and bar-
rier profiles of the pristine and fatigued Pt/BTO/Nb:STO FTJs (see
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Fig. 3. Ferroelectric properties. (A) AFM topography of the Pt/BTO/Nb:STO device after the top Pt electrode is mechanically exfoliated. The inset shows the topography
of the Pt electrode after exfoliation. (B) Schematic diagrams of the PFM measurements on the pristine and the fatigued BTO barriers, respectively, in which the red arrows
and balls denote polarizations and oxygen vacancies, respectively, and the black dashed lines represent the electrical field underneath the conductive tip. In the fatigued
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Materials and Methods for detailed information about the transport
analyses and barrier profile calculations). In the pristine device, the
polarization reversal in BTO barrier switches the Nb:STO surface
between an accumulation and a depletion state. In the ON state
with the BTO polarization toward the Nb:STO electrode, the inter-
facial Schottky barrier that is derived from the contact potential be-
tween Pt and Nb:STO is completely annihilated by accumulated
electrons because of the positive ferroelectric bound charges. There
is only the 5-u.c.-thick BTO barrier in the Pt/BTO/Nb:STO tunnel
junction (Fig. 5B), which allows direct tunneling of electrons at the

Yang etal., Sci. Adv. 7, eabh2716 (2021) 24 November 2021

Fermi level (Eg) and yields a large conductance, as observed in the
current-voltage (I-V) curve in Fig. 5A. In the OFF state with the
polarization switched against the Nb:STO, the negative ferroelectric
bound charges at the BTO/Nb:STO interface enhance the Schottky
barrier. The strong Schottky barrier, which is ~1.17 eV in height and
~9.5 nm in width, dramatically increases the effective barrier width
at Er and hence shut down the direct tunneling. The electrons have to
be thermally emitted to an energy above Er and then tunnel through
the residual barrier (Fig. 5B), i.e., the thermally assisted tunneling.
The conductance is thus substantially suppressed in the OFF state

50f10



SCIENCE ADVANCES | RESEARCH ARTICLE

A
Fatigued FTJ device Eq. circuit
B —
Pt (%o ) B8 8- 7 s
VYo
BTO 1 A ﬁ P e 1R
[T
. [0}
1 =
Nb:STO | F
i o
! I
I $
B 10" 3
3 oo
10° 5 "
3 ]
/E« 10° E \m 1‘
< i
S 1074 0000000000000004000000000000000000 e
[0 3
(&) ]
S 1 4 tetee
B 10°3 .
.g E ryvey
1 —=— Pristine }
® 405 E |
E .
10% - Eq. circuit
] < &nn..-
10° I T | . T . | . T T T
-6 -4 -2 0 2 4

Voltage (V)

Fig. 4. Equivalent circuit for reproducing the resistance fatigue. (A) Schematics
for the fatigued Pt/BTO/Nb:STO tunnel junction and the equivalent (Eq.) circuit built
by a pristine Pt/BTO/Nb:STO and two variable resistors connected in series (Rs) and
in parallel (Rp), respectively. (B) R-V hysteresis loops of the pristine device and the
equivalent circuit with varying resistance of Rs and Rp. In the R-V hysteresis loops of
Eq. circuit, the Rore/Ron ratio is gradually reduced by increasing Rs, which means
thickness increase of the ferroelectric dead layer in the BTO barrier and decreasing
Rp, which denotes that more region B appears between the Pt and Nb:STO.

(Fig. 5A). After the fatigue measurement, the ferroelectric dead layer
and the lattice collapse of perovskite structure reduce the effective
polarization of the oxygen-deficient BTO barrier and degrade the
ferroelectric modulation of the Schottky barrier. The barrier con-
trast between the ON and OFF states is thus weakened, as demon-
strated in Fig. 5C. In the ON state, the positive ferroelectric bound
charges are not large enough to make electron accumulation at the
BTO/Nb:STO interface, and there still exists a considerable Schottky
barrier due to the contact potential between Pt and Nb:STO (see
Materials and Methods and Fig. 5B), which suppresses the direct
tunneling in the fatigued device. The transport is thus changed to
the thermally activated character, resulting in the decrease of the
ON state conductance (Fig. 5A). For the OFF state, the polarization
enhancement is reduced, and the Schottky barrier after fatigue
measurement is only ~1.0 eV, which is lower than that of the pris-
tine barrier (~1.17 eV). The thermally assisted tunneling is thus in-
creased. Therefore, a markedly reduced TER ratio is observed in the
fatigued Pt/BTO/Nb:STO device. Besides, it may not rule out the
effects of oxygen vacancies on interfacial barriers and resistance
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switching of the fatigued device with the oxygen-deficient BTO bar-
rier (17, 43-45).

Switching characteristics of the Pt/BTO/Nb:STO device before
and after fatigue measurement are demonstrated in Fig. 6. Here, we
adopt the resistance formula% = IT’NS + ﬁ to calculate the normal-
ized switched area (S) from the ON to the OFF state for the dynamics
analysis (12). The actual switched areas of the 5-u.c.-thick BTO bar-
rier as functions of pulse voltage and width are characterized in domain
configurations by performing PFM mappings on the Pt electrode,
as shown in fig. S7 and discussed in fig. S8 and table S1. Figure 6
(A and B) shows the change of S with increasing poling time (t,) at
various voltages. In the pristine device, the switching is sharp and
easy to be saturated. However, the increase of S with ¢, becomes slow,
and the switching is smeared in the fatigued device. By analyzing
the S-t, curves with the nucleation-limited switching (NLS) model
(see Materials and Methods), the switching characteristics that re-
sult from the nucleation and growth of domains in the BTO barriers
are extracted and manifested as the distribution of switching time of
various voltages, as demonstrated in Fig. 6C. Taking —5.0 V as an
example, the pristine device exhibits a sharp distribution at the char-
acteristic switching time (fy) of ~2.5 x 1078 s. By plotting t, versus
1/|E|, the switching activation field (E,) can be deduced on the basis of

Merz’s law [to o< exp(, )] (46), which is 16.13 V/nm as shown in

|E
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Fig. 6. Switching dynamics. Normalized switched areas (S) as functions of poling
time and voltage for the (A) pristine and (B) fatigued Pt/BTO/Nb:STO FTJs, in which
the black lines are fits to the NLS model (see Materials and Methods). (C) The pris-
tine (top) and fatigued (bottom) Lorentzian distributions of switching time at dif-
ferent voltages extracted from the fits in (A and B), in which the insets plot
characteristic switching time (to) versus the inverse of electric field (1/|E|), respec-
tively. The solid lines in the insets are fits to Merz's law for extracting the switching
activation field (E,).
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the inset. After the fatigue measurement, the domain switching
is blocked because of the aggregation of charged oxygen vacancies in
the BTO barrier. The switching time distribution of 5.0 V becomes
very broad with increased fy to ~8.2 x 10 5. The sharp switching
can only be observed by increasing the poling voltage to —6.0 V be-
cause stronger electrical stimuli are required to disperse the aggre-
gated charges and set the blocked domains free. However, the t,
(~5.4 x 1078 s at —6.0 V) is still longer than that of the pristine
device. Because of the increased t; and poling voltage, the fatigued
Pt/BTO/NDb:STO exhibits a large E, of 27.43 V/nm. Besides, the dis-
persion of oxygen vacancies by oversaturated voltages also leads to
a partial rejuvenation of the fatigued device, as shown in the R-V
hysteresis loops in fig. S2.

In summary, the mechanism of resistance fatigue has been re-
vealed by direct observations of the BTO barrier with STEM and
PEM, in which the formation of ferroelectric dead layer and the de-
struction of local perovskite lattices reduce the effective polariza-
tion and hence degrade the TER properties of the Pt/BTO/Nb:STO
devices. These results shed light on the switching endurance issues
of FTJs and ferroelectric nanoelectronic devices and may also be ap-
plicable to the complementary metal-oxide semiconductor—compatible
HfO,-based thin films as well, in which the ferroelectric degrada-
tion has been ascribed to the formation of oxygen-deficient interfa-
cial layers near electrodes (47). In addition, the atomic-scale images of
the aggregation of oxygen vacancies and the corresponding struc-
ture transform observed in the nanometer-thick BTO barriers under
high electric fields of GV/m and strong electron tunneling, which
are absent in traditional FeRAMs, provide new insights into the po-
larization fatigue, a long-standing problem for device reliability in
the ferroelectric community.

It is also worth noting that the next-generation memory applica-
tions, such as the in-memory and brain-inspired computing, raise
high requirements for device reliability, which is, ideally, ~10'® cy-
cles for not only memory but also computing (48, 49). There is still a
tremendous scope to exploit the switching limits of FTJs. The pres-
ent work, which clarifies the role of charged defects in resistance
fatigue, facilitates the design of reliable ferroelectric tunneling de-
vices and marks an important step toward future industrialization
of the prototypical memories.

MATERIALS AND METHODS

Device preparation

The 5-u.c.-thick BTO thin films were epitaxially grown on (001)
single-crystalline Nb:STO (Nb: 0.5 weight %) substrates by pulsed
laser deposition using a KrF excimer laser (Coherent COMPexPro
201). Before the deposition, the Nb:STO substrates were etched by
NH,F buffered-HF solution and then annealed at 950°C for 1 hour in
flowing O, to form a TiO, single-terminated step-terrace surface. The
BTO films were deposited with a laser energy density of 2.5 J/cm? at
2-Hz repetition, keeping the substrate temperature at 750°C and the
O, pressure at 1 x 10~ mbar. Pt top electrodes of ~30 um in diam-
eter and ~100 nm in thickness were deposited on the surface of
BTO/Nb:STO heterostructures by sputtering with a shadow mask
to form the FTJ devices.

Characterizations
The cross-sectional TEM specimens were prepared by focused ion beam

(FEI Versa workstation) with a Ga ion source. The HAADF-STEM
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images were carried out at 200 kV by a JEOL ARM200CF micro-
scope equipped with a cold field-emission electron gun, an ASCOR
probe corrector and a Gatan Quantum ER spectrometer. The EELS
spectra were collected with an energy dispersion of 0.25 eV per chan-
nel. Topographies and room-temperature ferroelectric properties were
measured using an Asylum Research MFP-3D atomic force micro-
scope. The PFM hysteresis loops were collected in the DART (dual
ac resonance tracking) mode with triangle pulse waveforms applied
to the conductive Pt/Ti-coated tips. The resistance switching and
fatigue measurements of the Pt/BTO/Nb:STO FTJs were measured
by a Keithley 2604B SourceMeter with homemade programs.
Capacitances were recorded using an Agilent 4294A impedance
analyzer at the frequency of 4 MHz and an oscillation level of
50 mV. The testing pulses were applied to the Pt electrodes, and the
Nb:STO substrates were always grounded through indium ohmic
contact pads.

Transport analyses and barrier profile calculations

In Fig. 5A, there are two kinds of transport characters in the I-V
curves. For the pristine ON state, there is only the BTO barrier in
the Pt/BTO/Nb:STO tunnel junction. The I-V curve is nonlinear and
symmetric between the positive and negative biases, which can be
described by the direct tunneling model based on a trapezoidal po-
tential barrier (4). The current density (J) is given by

eofan[(0:-9)" - (+4)"])
(o2 (o) o
o 300 (029"~ (010 ] )

where C = —(4emn)/(9n #%) and a(V) = [4d(2mn) ]/[3?1((1)1 +eV —
D;) ], ®1(D,) is the barrier height at the Pt/BTO (BTO/Nb:STO)
interface, m; is the effective electron mass, 7 is the reduced
Planck constant, and d is the BTO barrier width (approximately 2.0 nm).
By fitting the I-V curve with Eq. 1, the interface barrier heights are
extracted, which are 1.60 and 0.74 eV at the Pt/BTO and BTO/Nb:STO
interfaces, respectively, as shown in Fig. 5B.

For the pristine OFF state and the fatigued ON and OFF states,
the transports are dominantly governed by Schottky barriers. Recti-
fying I-V curves are observed. The linear IgI-V plots at forward bias
obey the thermally activated mechanism (50).

Je=Joexp(qV/nkg T) (2)

where Ji is the forward current density, J, the saturated current density,
q is the electron charge, n is the ideality factor, kg is the Boltzmann
constant, and T is the absolute temperature. n extracted from the fits
in Fig. 5A are 1.94, 2.94, and 2.74 for the pristine ON state and the
fatigued ON and OFF states, respectively. The deviation of n from
unity suggests the existence of thermally assisted tunneling across
the barrier (51). In the Pt/BTO/Nb:STO FTJs, n can be written as n =
1 + C4/Cg, where Cq and Cs are the high-frequency capacitances of
the depleted region and the BTO barrier layer, respectively (52, 53).
Therefore, by measuring the capacitance (C) of the whole junction,

Cq4 can be deduced as nC because% = C + c The voltage that drops
over the depletion region (Vy) is correspondmgly calibrated as V/n.

The Cf — Vaplots are shown in fig. S9, which can be linearly fitted to

Yang etal., Sci. Adv. 7, eabh2716 (2021) 24 November 2021

C;Z = 2(Voi — Va)/qg0 £:NpA? (g, is the relative dielectric constant
of Nb:STO, and A is the junction area) and yields the doping con-
centration Np of the Nb:STO and the build-in potential V}; of the
Schottky barriers. We therefore arrive at the depletion region width
Waas Wy = 2go&; Vii/qNp. Taking Ec(0) = Vi,; and Ec(e0) =0 as
the boundary conditions, the energy profile [Ec(x)] for the Schottky
barrier as a function of the distance (x) from the BTO/Nb:STO in-
terface to Wy can be deduced as follows (51)

2
B (wd 22) 3)

where @, is the difference between the conduction-band minimum
(Ec) and the Ep of Nb:STO, defined as (Ec-Eg)/g, which is can be sim-
ply estimated using the effective mass of electrons m}, in Nb:STO

Ec(x)=q(Vpi + @n) —

_Er-Ec _ ksT[, (Np -32( Np
=TT T g [ln<Nc> 2 (Nc>] @)
312
Ne = 2(%) (5)

where N is the density of states of the conduction band of Nb:STO
and h is the Planck constant. The effective Richardson constant of
Nb:STO in Schottky junctions is, in general, assumed to be 156 A/K* cm?,
which corresponds to m;, = 1.3 myg (my, the electron mass). The de-
duced profiles of Schottky barriers are plotted in Fig. 5 (B and C) for the
pristine OFF state and the fatigued ON and OFF states, respectively.

Switching dynamics analysis

The S-t curves are fitted by the NLS model, in which the resistance
switching is regarded as inhomogeneous in different areas with in-
dependent dynamics (12, 54). S is given by

S = J-J_r: {1 - exp [ - <i—§) m] }F(log to) d(log to) (6)

where m is the effective dimension, equaling 2 for thin films, ¢, is
the poling time, ¢ is the characteristic switching time, and the dis-
; i
——— 1"2] , adopting the
Lorentzian distribution, in which A( is a normalization constant
and T is the half width at half maximum (54).

tribution function is F(logty)= —[

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh2716
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